Hypo-and hyperthyroid states, as well as functional abnormalities in the hypothalamic-pituitarythyroid axis have been associated with psychiatric conditions like anxiety and depression. However, the nature of this relationship is poorly understood since it is difficult to ascertain the thyroid status of the brain in humans. Data from animal models indicate that the brain exhibits efficient homeostatic mechanisms that maintain local levels of the active thyroid hormone, triiodothyronine (T3) within a narrow range. To better understand the consequences of peripheral and central thyroid status for mood-related behaviors, we used a mouse model of type 3 deiodinase (DIO3) deficiency (Dio3 −/− mouse). This enzyme inactivates thyroid hormone and is highly expressed in the adult central nervous system. Adult Dio3 −/− mice exhibit elevated levels of T3-dependent gene expression in the brain, despite peripheral hypothyroidism as indicated by low circulating levels of thyroxine and T3. Dio3 −/− mice of both sexes exhibit hyperactivity and significantly decreased anxiety-like behavior, as measured by longer time spent in the open arms of the elevated plus maze and in the light area of the light/dark box. During the tail suspension, they stayed immobile for a significantly shorter time than their wild-type littermates, suggesting decreased depression-like behavior. These results indicate that increased thyroid hormone in the brain, not necessarily in peripheral tissues, correlates with hyperactivity and with decreases in anxiety and depression-like behaviors. Our results also underscore the importance of DIO3 as a determinant of behavior by locally regulating the brain levels of thyroid hormone.
Introduction
The relationship between thyroid hormone status and the susceptibility and outcome of psychiatric conditions, especially mood disorders, is not well understood. Although abnormal thyroid parameters in the serum have been associated with several of these conditions, findings may vary between different human studies and the nature of that relationship remains unclear (Dayan and Panicker, 2013; Fava et al., 1995; Haggerty and Prange, 1995) .
Some human studies indicate that hypothyroidism is associated with an increased risk of anxiety, depression and suicide (Chueire et al., 2007; Cleare et al., 1995; Constant et al., 2005; Custro et al., 1994; Sinai et al., 2009 ). Hypothyroid patients with certain single nucleotide polymorphisms in the thyroid hormone transporter OATP1C1 are more susceptible to develop depression (van der Deure et al., 2008) . In addition, abnormal parameters in thyroid function have been associated with postpartum depression risk (Albacar et al., 2010; Lucas et al., 2001; Pedersen et al., 2007; Plaza et al., 2010) , and serum thyroid hormone concentrations have been reported to influence depression severity (Berent et al., 2014; Joffe and Marriott, 2000) . Furthermore, altered levels of TSH in response to the administration of thyrotropin-releasing hormone (TRH) are also associated with depression severity or susceptibility (Duval et al., 1994; Kim et al., 2015; Kirkegaard and Faber, 1986; Targum et al., 1984) , suggesting a relationship between the disorder and the setup of the hypothalamic-pituitary-thyroid (HPT) axis. Even the use of thyroid hormones, together with antidepressants, appears to improve outcomes (Bauer et al., 2002; Bauer et al., 2005; Joffe and Sokolov, 2000; Joffe et al., 1995; Prange, 1996) , in some cases probably due to the influences of certain antidepressants on the HPT axis (Shelton et al., 1993) or the local availability of thyroid hormone in the brain regions CamposBarros et al., 1994) .
Although a majority of research supports an association between hypothyroidism and depression, the results from other studies do not align with this idea. Park et al. reported no association between thyroid disease and depression in older men (Park et al., 2010) , Frye et al. found no correlation between depression and thyroid parameters in cerebrospinal fluid (Frye et al., 1999) , and Medici et al. observed that an increased risk of depression is associated with low serum TSH (Medici et al., 2014) . There might be significant differences in the experimental design and populations between these and other studies, but the significant inconsistency of findings has lead to the suggestion that thyroid tests offer misleading information for psychiatric patients (Lasser and Baldessarini, 1997) .
Studies in animals largely confirm the occurrence of increased anxiety-and depression-like behaviors in rodent models of hypothyroidism (Darbra et al., 2003; Ge et al., 2014; Yu et al., 2015) . These abnormal behaviors are observed in mice with a hypofunctional thyroid hormone receptor alpha1 (Buras et al., 2014) , and are normalized with T3 treatment (Venero et al., 2005) . The depression-related phenotypes observed in mice with an altered HPT axis (Shukla et al., 2010; Zeng et al., 2007) , also supports its association with mood disorders. There are less published work on the psychiatric effects of excessive exposure to thyroid hormone, but hyperthyroidism has also been associated with mood alterations (Demet et al., 2002; Simon et al., 2002) , suggesting that thyroid hormone action in the brain needs to be maintained at appropriate levels for normal behavioral outcomes.
One potential explanation for the disparity of some findings is the relatively loose relationship between thyroid hormone parameters in the serum and actual thyroid hormone signaling in the brain. The latter is greatly influenced, not as much by circulating levels of thyroid hormones, but by local determinants of thyroid hormone action, including thyroid hormone transporters and deiodinase enzymes (Bianco, 2011) . When these factors are genetically altered in mouse models, a marked divergence may exist between the thyroid status of the serum and that of the brain (Bianco, 2011) . We hypothesized that the thyroid hormone status of the brain is more consequential than that of the serum for mood-related behaviors that depend on thyroid hormones.
One critical determinant of thyroid hormone action in the central nervous system is the type 3 deiodinase (DIO3), an enzyme encoded by the imprinted gene Dio3 (Hernandez et al., 2002) that inactivates thyroid hormone (Hernandez, 2005) . During adult life, Dio3 −/− mice exhibit systemic hypothyroidism due to functional deficits in the HPT axis, but marked brain thyrotoxicosis due to impaired T3 clearance in the central nervous system (Hernandez et al., 2010 ).
Here we use this mouse model of divergence between the peripheral and central thyroid state to better understand the relationship between mood disorders and thyroid hormone status in the brain versus that in the circulation. We find that Dio3 −/− mice exhibit hyperactivity and a reduction in anxiety-and depression-like behaviors despite their peripheral hypothyroidism. The new data shed additional light on the relationship between thyroid hormone status and mood disorders and underscores the potential relevance of DIO3 for these conditions.
Methods

Animals
Male (C57Bl/6J genetic background) and female (129/SvJ genetic background) mice were mated to generate the experimental animals used for behavioral analysis and gene expression. Both breeders were heterozygous for an inactivating mutation in the gene that codes for the D3 enzyme, Dio3 (Hernandez et al., 2006) . Thus, the Dio3 +/+ and Dio3 −/− littermates so generated are on a defined 50:50 129/SvJ/C57Bl/6J mixed genetic background. The genomic heterozygosity of experimental animals reflects better the genetic variation in the human population and avoids extreme baseline behavior that may exist in inbred strains preventing the detection of a behavioral phenotype. All mice were kept in a 12 h light/dark cycle and fed regular chow ad libitum. Adult animals (4-5 month old) were sacrificed by CO 2 asphyxiation. Mice carrying the FINDT3 transgene used for β-galactosidase staining of brain sections were also littermates but in a heterogeneous 129/SvJ/ C57Bl/6J mixed genetic background. Brains from these mice were collected and processed for β-galactosidase staining of coronal section as previously described (Hernandez et al., 2010) .
For the behavioral tests, two different cohorts of mice (Dartmouth cohort and the MMCRI cohort) were generated at different Institutions and tested at different facilities. One was generated at the Geisel School of Medicine at Dartmouth (Dartmouth cohort) and the other at MMCRI (MMCRI cohort). For the Dartmouth cohort, the testing schedule was as follows: open filed test at day one, elevated plus maze at day four, marble burying test at day 8, tail suspension test at day 15, and forced swimming test at day 22. For the MMCRI cohort, the testing regime was: light/dark box test at day one, elevated plus maze test at day four, elevated zero maze at day 8, and marble burying test at day 11. The shorter time intervals between tests is based on battery testing done at The Jackson Laboratory (O' Leary et al., 2013) . A total of 103 mice were used in the behavioral studies. The Dartmouth cohort comprised 56 mice (15 Dio3 +/+ males, 14 Dio3 −/− males, 16 Dio3 +/+ females and 11 Dio3 −/− females), while the MMCRI cohort comprised 47 mice (17 Dio3 +/+ males, 9 Dio3 −/− males, 9 Dio3 +/+ females and 12 Dio3 −/− females). Not all mice were used in all tests. The number of mice from which data was obtained for a given test is indicated in the figure legends. The Institutional Animal Care and Use Committees of the Geisel School of Medicine at Dartmouth and the Maine Medical Center Research Institute approved all procedures and behavioral tests. The animal work was performed following the guidelines of the National Institute of Health Guide for the Care and Use of Laboratory Animals.
Quantitative real time RT-PCR (qRT-PCR)
The neocortex was harvested and frozen on dry ice, and total RNA was extracted using the RNeasy kit from Qiagen (Valencia, CA). Total RNA (1 μg) was reverse transcribed with M-MLV reverse transcriptase in the presence of random hexamers at 42 °C for 1 h. Reverse transcription reactions were diluted appropriately and aliquots were used as templates in duplicate real-time PCR reactions for each of the selected genes. Reactions were run in a 7300 RT PCR System (Applied Biosystems) using the SYBR® Select Master Mix from Applied Biosystems. Real time PCR reactions underwent an initial 10 minutes denaturing step, followed by 36 cycles of a denaturing step (94 °C for 30 seconds) and an annealing/ extension step (60 °C for one minute). The sequence of the primers used was (5′ to 3′): Itih3, GCACGTTCAGTTGGCTAGAC and CCATCTCCAAAGGACACCAC; Hr, AGCACTGTGTGGCATGTGTT and AACCCTGCATCCAAGTAGCA; Rn18s, GGAGTATGGTTGCAAAGCTG and TCGCTCCACCAACTAAGAAC; Sema7a, AAGTGGTCGTTCACCGCATG and CCACCACCTTGTGAATGGTG; Aldh1a1, CCTTGCATTGTGTTTGCAGATG and GCTCGCTCAACACTCCTTTTC; Shh, GGACGTAAGTCCTTCACCAG and TTCTGTGAAAGCAGAGAACTCC; Htr2c, ACTTGTCATGCCCCTGTCTC and CCGCGAATTGAACCGGCTAT; Bdnf, TGCAGGGGCATAGACAAAAGG and CTTATGAATCGCCAGCCAATTCTC; Thra, CTTTGAACTGGGCAAGTCAC and TGGCCGCCTGAGGCTTTAGACTTC; Gapdh, AGGAGCGAGACCCCACTAAC and CGGAGATGATGACCCTTTTG; Actb, TGGGTATGGAATCCTGTGGC and CTGCATCCTGTCAGCAATGC. Expression data were read in an internal standard curve prepared by subsequent dilutions of a mix of aliquots of reverse transcription reactions from the samples in a given experiment. Expression of specific genes was corrected by the expression of a control gene (Rn18s, Actb or Gapdh). Data are expressed in arbitrary units.
Hormone determinations
Blood was taken from the descending vena cava. After coagulation at 4 °C for 4 h, serum was obtained by centrifugation and stored at −70 °C until analysis. Serum levels of thyroid hormones were determined in duplicate using the commercial Coat-a-Count Total T3 and Total T4 radioimmunoassay kits from Siemens USA (New York, NY). Brain T3 content was determined by non-equilibrium radioimmunoassay after tissue extraction as previously described (Galton et al., 2014) .
4. Open field test
Mice were housed in the testing room for two to three hours before the test and were left undisturbed during this period. We employed a 60 cm-long square field surrounded by a 15 cm-high walls. At the beginning of the test the mouse was placed in the center of the field and allowed to explore the maze freely while being video recorded for 5 minutes using a Videomex automated system (Columbus Instruments). The center area was defined as 50×50 cm 2 and surrounded by a 10 cm wide periphery.
5. Elevated plus and zero maze tests
Mice were housed in the testing room for two to three hours prior to the test and left undisturbed during this period. The tests were performed either at Dartmouth Medical School using the elevated plus maze (EPM) and the Viodeomex automated system (Columbus instruments), or at Maine Medical Center Research Institute using the EPM and elevated zero maze (EZM) and the ANY-maze ™ video tracking system (Stoelting). The mazes are elevated and have a cross or annular shape. Opposing arms (EPM) or quadrants (EZM) are either enclosed by walls or open. Mice were placed in the center (EPM) or facing an enclosed quadrant (EZM) to start the test and recorder for 3 min (Dartmouth mice cohort) or 5 min (MMCRI mice cohort), while exploring the maze freely. Mice falling off the maze were excluded form the tests and analysis.
6. Marble burying test
This test was performed essentially following the protocol described by Deacon (Deacon, 2006) . In brief, mice were individually placed in a 20 × 35 cm 2 (Dartmouth cohort) or 45 × 23 cm 2 (MMCRI cohort) large cage that contained 10 cm of pressed pine shavings bedding, with 18 equally spaced glass marbles on top. Mice were allowed to explore the cage undisturbed and in low lighting for 30 min. Marbles are buried as an indirect result of the digging behavior of the mice. Marbles buried by at least two thirds of their height were counted as buried. Results are expressed as the percentage of buried marbles.
7. Dark/Light box test
The light-dark box test is used to assess anxious behavior in mice. The arena measures 40×40 cm 2 total and is surrounded by 35 cm high walls. The box is divided in half, using Stohn et al.
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clear acrylic glass for the light area and black acrylic glass for the dark area including a top cover. The two areas are connected through an opening in the middle of the dividing wall allowing the animal to move freely from one half into the other. At the beginning of the test the animal is placed in the light arena with its back against the wall facing the opening to the dark area. The animal is allowed to explore the arena freely for 10 min while being recorded using the ANY-maze ™ video-tracking system (Stoelting).
8. Tail suspension test
Mice were housed in the testing room for two to three hours before the test and were undisturbed during this period. Mice caged together were tested in parallel. Using adhesive tape, mice were suspended by their tail from a shelf above a flat surface located approximately 15 cm from the mouse head. Mice were videotaped for 6 min. An investigator blind to the genotype of the mice analyzed the recordings and scored the latency to become immobile, the episodes of immobility, the duration of these episodes and the total time that the mice spent immobile during the test. No tail-climbing behavior was observed in any of the mice.
9. Forced swimming test
The day before the test, animals were placed into a room adjacent to behavioral laboratory. Animals from the same cage were tested in parallel to avoid order effect. Mice were removed from their cages and placed in a 1.5 L beaker (d=13cm) filled with 28 °C water (to a height of 12.5-13 cm) for a six-minute period. The animals were video recorded for 6 min, and the video was analyzed and scored afterwards by a trained observer blind to the mice genotypes. The number and length of episodes of immobility were scored. Immobility is defined as the animal not moving or making just the necessary movements to stay afloat, as opposed to active swimming, during which the mouse is actively struggling in an effort to escape the water.
10. Statistical Analysis
We used GraphPad Prism Software for all statistical analysis. Statistical significance was determined using two-way ANOVA for all the groups, followed by SIDAK's test. Data from the two different mouse cohorts were analyzed separately.
Results
Serum levels of T4 and T3 and T3-dependent gene expression in cerebral cortex
Serum levels of T4 and T3 in adult Dio3 −/− mice of both sexes were significantly lower than those in Dio3 +/+ animals. Serum T4 and serum T3 were decreased approximately 40% and 20%, respectively, in Dio3 −/− mice of both sexes ( Fig. 1A and 1B ).
Brain concentration of T3 was significantly increased in the brain of Dio3 −/− adult male mice compared to Dio3 +/+ mice (Fig. 1C) , consistent with published observations (Galton et al., 2014) . To assess the level of thyroid hormone signaling in the brain, we determined the cortical expression of several genes regulated in the brain by thyroid hormones (Chatonnet et al., 2015) . These included hairless (Hr), brain-derived neurotrophic factor (Bdnf), serotonin receptor 2c (Htr2c), sonic hedgehog (Shh), semaphorin 7a (Sema7a), aldehyde dehydrogenase 1 family member a1 (Aldh1a1) and inter-alpha-trypsin inhibitor heavy chain 3 (Itih3). Compared to Dio3 +/+ male mice, the expression of these genes was elevated in Dio3 −/− males, the observation being statistically significant for most of them (Fig. 1D ). Dio3 −/− female mice did not show an increased expression of these genes, except for Hr and Itih3. Expression of the thyroid hormone receptor alpha (Thra) was unchanged in the cerebral cortex of Dio3 −/− of either sex, while expression of the type 2 deiodinase gene (Dio2), which increases thyroid hormone action by generating T3 from T4, was reduced in Dio3 −/− females, but unchanged in Dio3 −/− males (Fig. 1E) . In addition, β-galactosidase staining of brain sections of Dio3 +/+ and Dio3 −/− mice carrying a T3-regulated β-galactosidase transgene (Hernandez et al., 2010) further indicated abnormally elevated levels of thyroid hormone action in the brain of Dio3 −/− mice. Increases in β-galactosidase staining are apparent in the cortex and in the pyramidal cell layer of the hippocampus (Fig.  1E top and bottom, respectively) .
These results are consistent with those previously published for Dio3 −/− mice in other genetic backgrounds (Hernandez et al., 2006; Hernandez et al., 2010) , and demonstrate that the Dio3 −/− mice utilized in these studies manifest an excess of thyroid hormone in the brain despite the fact that their serum levels of thyroid hormones are lower than those in their wild type littermates.
2. Exploratory, and anxiety-and depression-related behaviors
We investigated whether the enhanced TH action in the brain of Dio3 −/− mice is associated with changes in behavior. An initial cohort of mice was submitted to the open field (OF), elevated plus maze (EPM) and marble burying (MB) tests, the first two of them using a Videomex system (see Methods). During the OF test, Dio3 −/− mice traveled a significantly longer distance than their Dio3 +/+ littermates (Fig, 2A ). This behavioral difference of Dio3 −/− mice was statistically significant in males, but not in females ( Fig. 2A) . Also, Dio3 −/− mice entered the center of the OF more often than Dio3 +/+ mice, and this behavior was observed in both males and females (Fig. 2B ). Dio3 −/− females did spend significantly more time in the center area than Dio3 +/+ females, whereas no difference was observed in males (Fig. 2C) . In the EPM test, Dio3 −/− female mice spent significantly more time in the open arms than the wild type littermates (Fig. 2D) . This behavior was similar in Dio3 −/− males, but did not reach statistical significance (Fig. 2D) . Marble burying, an indirect result of digging behavior, is associated with anxiety and repetitive behaviors (Deacon, 2006; Silverman et al., 2015) , and was markedly diminished in Dio3 −/− mice of both sexes (Fig.  2E ). The results of these studies show increased locomotion and exploratory behavior, and reduced anxiety-like behavior in Dio3 −/− mice.
A more extensive behavioral analysis of Dio3 −/− mice was performed in a different facility and institution, using a second cohort of mice and a different video-tracking system (see Methods). Animals underwent the EPM and the elevated zero maze (EZM) tests. Dio3 −/− mice entered significantly more often than Dio3 +/+ mice the open arms of the EPM (Fig.  3A) and the open quadrants of the EZM (Fig. 3B ). This change in behavior was observed in Dio3 −/− mice of both sexes, although it was not statistically significant in the case of the number of entries of Dio3 −/− females into the open arms of the EPM (Fig. 3A) . In addition, Dio3 −/− mice of both sexes spent more than twice as much time in the open area of both mazes than wild type mice (Fig. 3C&D) . In both the EPM and the EZM, Dio3 −/− mice of both sexes also traveled a greater distance in total (Fig. 3E&F) , and spent less time immobile (Fig. 3G&H ).
We also subjected the mice to the light/dark box (LDB) test. In this test, Dio3 −/− mice of both sexes entered the lit area more often than Dio3 +/+ mice (Fig. 4A) , traveled a greater distance (Fig. 4B) and spent significantly more time in this zone (Fig. 4C) . Despite traveling more distance, Dio3 −/− mice of both sexes were immobile in the lit area for a longer time, compared to Dio3 +/+ mice (Fig. 4D) . This is because they moved significantly faster while the percentage of time spent immobile was not significantly different from that in wild type mice (Supplemental Data). Taken together, the results from the EPM, EZM and LDB tests indicate increased locomotion and reduced anxiety-like behavior in Dio3 −/− mice of both sexes.
We subjected this second cohort of mice to the MB test. Consistent with the results obtained from the first cohort of mice (Fig. 2E ), Dio3 −/− mice buried significantly less marbles (Fig.  5) . The reduced marble burying behavior was observed in Dio3 −/− mice of both sexes, but did not achieve statistical significance in females (Fig. 5) .
We also evaluated depression-like behaviors in Dio3 −/− mice using the tail suspension and the forced swim tests. The tail suspension test showed that the latency to immobility was significantly increased in Dio3 −/− mice, when compared to that in Dio3 +/+ mice (Fig. 6A) . In addition, the number of episodes in which the animals were immobile as well as the total time spent immobile were markedly reduced in Dio3 −/− mice ( Fig. 6B and 6C ). The average length of the episodes in which the mice were immobile was not significantly different between genotypes (Fig. 6D) .
Results from the forced swimming test did not reveal marked differences between the behavior of Dio3 +/+ and Dio3 −/− mice, although some test parameters were distinct in Dio3 −/− mice (Fig. 7) . Latency to immobility was reduced in Dio3 −/− females compared to that in Dio3 +/+ female littermates (Fig. 7A) , but was not different males. The overall time spent moving was the same across genotypes and sexes (Fig. 7C) . The moving episodes of Dio3 −/− mice were shorter, and occurred more often than in Dio3 +/+ mice ( Fig. 7B and  7D ), however none of these parameters reached statistical significance.
Discussion
The results from studies analyzing the relationship between thyroid hormone and mood disorders are sometimes inconsistent, since thyroid hormone status, as determined by hormone concentrations in the blood, may not necessarily reflect the true thyroid hormone state of the brain. To provide new insights on that relationship, we have evaluated behaviors relevant to mood disorders in a mouse model, the DIO3 deficient mouse, exhibiting hypothyroidism in peripheral tissues, but augmented thyroid hormone action in the central nervous system. Our data consistently demonstrate that DIO3 deficiency leads to decreased The expression level of Dio3 is high in the brain, mostly in neurons, and its biochemical function is to inactivate thyroid hormones. Thus, the behavioral impact of Dio3 deficiency is likely the result of increased thyroid hormone signaling in multiple regions of the central nervous system, an observation that has been shown in previous work (Hernandez et al., 2010) and is further confirmed here. Those regions include the hippocampus and the amygdala, which are particularly involved in anxiety and depression-like behaviors. Our behavioral observations in DIO3 deficiency are consistent with the phenotype observed in a mouse model with reduced thyroid hormone action in the brain as a result of a mutant, functionally impaired thyroid hormone receptor alpha (Venero et al., 2005; Wallis et al., 2008) . These mice, in contrast to Dio3 −/− mice, have reduced levels of thyroid hormone signaling, and manifest increased anxiety and poor locomotor activity.
Since thyroid hormones exert broad effects in the developing and mature central nervous system, it is difficult to pinpoint the specific neural systems that are affected by elevated local levels of thyroid hormone and ultimately determine behavior. In this regard, thyroid hormone increases serotonin receptor activity and serotonergic response (Gur et al., 2004; Mason et al., 1987) , processes that are targeted by certain antidepressants and anxiolytics. Drugs that modify serotonin transmission also inhibit marble-burying behavior (Deacon, 2006; Njung'e and Handley, 1991a, b) . Thus it is possible that altered serotoninergic systems in Dio3 −/− mice are contributing to their behavior, as suggested by the abnormal expression of the gene encoding serotonin receptor 2C. The altered expression of Bndf and Itih3, two genes linked to neurodevelopmental and psychiatric conditions (Craddock et al., 2005; Lotan et al., 2014) also support an important role for DIO3 in the central regulation of thyroid hormone action.
The behavioral phenotype of Dio3 −/− mice is robust for both males and females, although we observed some modest differences between sexes. Interestingly, our gene expression data also suggest a sexual dimorphism at the molecular level, as Dio3 −/− males show more extensive differences in T3-dependent gene expression than females. In addition, although expression of thyroid hormone receptor is not altered in DIO3-defient mice, the expression of Dio2, the deiodinase that locally produces T3 from T4 thyroid hormone action, is decreased in females but not in males. These observations suggest a sexually dimorphic molecular signature concerning thyroid hormone signaling in the brain of Dio3 −/− mice. This is not entirely surprising based on published evidence linking sex-steroid hormones with Dio3 and thyroid hormone signaling. These observations include the regulation of DIO3 by estrogen (Wasco et al., 2003) , and the transient but very high expression of Dio3 in specific areas of the neonatal rat brain (Escamez et al., 1999) that are enriched in androgen and estrogen receptors (DonCarlos, 1996) and involved in brain sexual differentiation. In addition, the regulation of gene expression in the brain is susceptible to crosstalk between thyroid hormone and estrogen receptors (Vasudevan et al., 2002; Vasudevan et al., 2001) . Thus, it is likely that the enhanced thyroid hormone availability that occurs in the Dio3 −/− brain is affecting differently males and females.
Although the behavioral abnormalities in Dio3 −/− mice may result from increased thyroid hormone action in the adult brain, it is possible that they arise from altered development, since Dio3 −/− mice exhibit brain thyrotoxicosis also during development (Hernandez et al., 2006) . This idea is supported by the observation that the administration of pharmacological doses of thyroid hormones during perinatal life results in abnormalities in the adult brain that include changes in serotonin and N-methyl-D-aspartate binding sites (Roskoden et al., 2002) and enhanced thyroid hormone action in the amygdala (Shukla et al., 2010) .
The remarkable divergence in Dio3 −/− mice between the hypothyroid state of the serum and the hyperthyroid state of the brain provides an additional, important insight into the controversial association of mood disorders and altered thyroid hormone status. A similar divergence is shown in a rat model of prenatal thyroxine administration (Shukla et al., 2010 ). In this model, different thyroid hormone status between the amygdala and the circulation are associated with altered anxiety-like behavior.
Sexually dimorphic abnormalities in locomotor and stereotypic behavior have been reported in mice treated with L-carnitine (Benvenga et al., 2011) , a compound that can inhibit the nuclear uptake of thyroid hormone (Benvenga et al., 2000) . Although carnitine can modify the action of sex-steroids and glucocorticoids (Benvenga et al., 2011) and may have systemic effects in such a model, this observation supports a role of brain T3 signaling in the regulation of locomotor activity.
Regarding the hyperactive phenotype of Dio3 −/− mice, an intriguing, alternative interpretation of the data is that their behavioral profile reflects aspects of attention deficit and hyperactive disorder (ADHD). The hyperactivity and decreased anxiety may be a sign of greater risk-taking and more impulsive responses. In the anxiety tests, the increased time spent in the open arms of an elevated plus maze or the center region of an open field suggests a loss of typical cautionary avoidance of novel open areas. Decreased anxiety-like behavior and more risky exploratory responses have been observed in mouse models for mania and impulsivity (Matzel et al., 2008; van Enkhuizen et al., 2014) . In this interpretation, the lower levels of immobility in the tail suspension test could be attributed to generally higher activity of Dio3 −/− mice, leading to more kicking and struggling. Interestingly, decreased marble-burying has been observed in several mouse models of developmental disorders (Balemans et al., 2010; DeLorey et al., 2011; Feyder et al., 2010; Moy et al., 2014) , which might be due to decreased attention to complex elements of the environment. Since Dio3 −/− mice are also exposed to elevated levels of thyroid hormone during perinatal life (Hernandez et al., 2006) , the similarities of Dio3 −/− mice with ADHD characteristics are consistent with the recent observation in humans of increased prevalence of ADHD in children that were exposed to increased levels of thyroid hormone during development (Andersen et al., 2014) . A more recent study adds to the potential relationship between thyroid status during development and risk of ADHD, although it shows the opposite: an increase in ADHD symptoms in children born to mothers with hypothyroxinemia in early pregnancy (Modesto et al., 2015) . Increased locomotion has also been observed in a rat model of transient neonatal hypothyroidism (Negishi et al., 2005) . It is possible that the underlying ADHD pathophysiology may be affected by both low and high thyroid hormone status depending on the particular developmental stage, as it is well established that normal neurological outcomes require that the thyroid hormone status of the brain is maintained within a narrow range in a developmentally appropriate fashion. For instance, a deficit in either DIO2 or DIO3 leads to cochlear defects and impaired hearing (Ng et al., 2004; Ng et al., 2009) , even though those deficits lead to opposite effects (decrease or increase, respectively) in thyroid hormone signaling. Another possibility is that serum thyroid hormone parameters do not reflect necessarily the thyroid status of the brain, as we underscore in the present work. Thus, maternal hypothyroxinemia may reflect enhanced thyroid hormone action in the brain due to genetic or epigenetic factors that may also apply to the developing fetus.
Our results showing increased brain thyroid hormone action and behavioral changes as a result of alterations in Dio3 expression may have clinical relevance. Since Dio3 is an imprinted gene preferentially expressed from the paternal allele in the mouse (Hernandez et al., 2002; Tsai et al., 2002) , parental genetic effects and epigenetic alterations can modify its level of expression, ultimately affecting thyroid hormone action in the brain in regionspecific manner (Martinez et al., 2014) , with potential consequences for behavior.
Behavioral abnormalities have been shown in genetic and epigenetic rat models of altered Dio3 dosage (Sittig et al., 2011a; Sittig et al., 2011b) . These observations raise the possibility that epigenetic alterations in the regulation of DIO3 in humans may contribute to mood disorders by exerting changes in local thyroid hormone levels. This possibility is further supported by our recent observation that the human DIO3 is also subject to genomic imprinting (Martinez et al., 2016) .
In summary, our results demonstrate a relationship between brain TH action and hyperactivity and anxiety and depression-like behaviors. DIO3 deficient mice with increased levels of thyroid hormone in the central nervous system exhibit altered anxiety and depressive-like behaviors, even while circulating levels of hormone indicate a hypothyroid state. Additional work is needed to define the regions of the brain contributing to these behaviors. A mouse model of DIO3 deficiency targeted to specific brain regions will be useful to this aim and to further investigate the link between thyroid hormones and mood and neurodevelopmental disorders. This link will introduce the possibility of manipulating thyroid hormone action in the brain for therapeutic purposes.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
Highlights
• Decreased anxiety-and depression-like behaviors are associated with increased thyroid hormone action in the brain Serum and brain thyroid hormone status, and brain gene expression in Dio3 −/− mice. Serum levels of T3 and T4 (A and B). Brain T3 concentrations in adult males (C). Cortex gene expression of T3-regulated genes (D). Cortex genes expression of genes regulating T3 availability (Dio2) and signaling (Thra) (E). T3-dependent beta-galactosidase staining of cortex and hippocampus of 6 month old mice (F). Data represent the mean ± SEM of experiments with n= 6 to 12 mice per experimental group (A-E). *, **, ***, indicate P<0.05, P<0.01, P<0.001, respectively, as determined by two-way ANOVA followed by Sidak's test. Psychoneuroendocrinology. Author manuscript; available in PMC 2017 December 01.
